We examined the development of mouse submandibular gland by light and electron microscopy and determined the distribution of the a 6 integrin subunit and laminin in this process by immunofluorescence and immundectron m i mcopy. At Days 13.5 and 14 of gestation a6 was localized over the entire cell surface of undifferentiated epithelial cells of the terminal duster. On Day 15 the expression of a 6 could no longer be detected over central cells in the proximal portion of branched terminal duster, whereas peripheral cells were stained over the enure surface. On Day 17 of gestation to day of birth, a6 expression was restricted to the basolateral surface of the differentiated acinotubular structure. Its expression on acinar cells was uniformly distributed through-
Introduction
During development of the submandibular gland, clusters of undifferentiated epithelial cells become polarized acinar and duct cells owing to branching morphogenesis. Significant roles of basement membrane components in this process have been suggested by a number of observations, such as increased synthesis of basement membrane components, laminin and Type IV collagen, at an early branching stage in rat embryo (Kadoya and Yamashina, 1989) ; and in vitro branching morphogenesis of isolated mouse submandibular epithelium within Matrigel, a mixture of basement membrane components extracted from EHS sarcoma (Nogawa and Takahashi, 1991; Takahashi and Nogawa, 1991) .
Many cell surface receptor molecules recognizing basement membrane components have been isolated and characterized (Akiyama et al., 1990) . Among these the integrins are best known. Integrins are heterodimeric molecules assembled from a-and P-subunits.
At present, 14 a-subunits and eight P-subunits have been identified and shown to form at least 20 different dimers (Hynes, 1992; Humphries, 1990) .
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out the basolateral membrane, but on duct cells stronger staining towards the basal surface was noted. Similar expression was observed in adult acinar and duct cells. Expression of the a6-subunit at the cell-cell contact in an early stage and its expression at the basolateral surface in an advanced stage indicate that integrin containing a6 plays a significant role in cell-cell and cell-suhsuate interaction. complexes with PI-or P4-subunit. The a6pl integrin complex mediates cell adhesion to the laminin E8 fragment . This integrin subunit is distributed in epithelial cells of various organs, such as the submandibular and mammary glands, kidney, and skin but not in the connective tissue of these organs (Sonnenberg et al., 1986) . In developing kidney the ab-subunit starts to be expressed in a special region where non-polarized mesenchymal cells undergo conversion to polarized epithelial cells (Sorokin et al., 1990) . Therefore, a6 may have significant roles in epithelial dfierentiation and polarization. More recently, the a6P4 integrin complex has shown to be a laminin receptor (Lee et al., 1992) , although its role in cell Weremiation is unknown.
To clatlfy the role(s) of integrin in glandular development, we examined the distribution of the a6 integrin subunit and laminin in developing and adult mouse submandibular glands. The stage and cell type-specific expression of the a6 integrin was determined. Its possible roles and mechanisms for its distribution during epithelial development are discussed.
Materials and Methods
Tissues. Embryos from Days 13.5, 14. 15, and 17 of gestation were obtained from pregnant mice (ddY strain). The zygotes were considered zero hours old on the morning at which a vaginal plug was first noted. Under light ether anesthesia, submandibular rudiments or glands were quickly removed from embryos, newborn (1 day old), and adult female (4 month old) ddY strain mice.
Antibodies.
A rat monoclonal antibody, MAb GoH3, recognizing the a6 integrin subunit (Sonnenberg et al., 1988) , an antibody against mouse laminin, a second antibody against rat IgG conjugated with dichlorotriazinyl aminofluorescein (DTAF), and a second antibody against rabbit IgG conjugated with F I E were purchased from Immunotech (Marseille, France), Collaborative Research (Bedford, MA), Chemicon (Temecula, CA), and EY Laboratories (San Mateo, CA), respectively. For immunostaining, all antibodies were diluted 1:lOO with PBS, pH 7.4, containing 1% bovine serum albumin (BSA).
Immunohistochemistry. Because MAb GoH3 fails to react on formalinfixed, paraffin-embedded tissue (Sonnenberg et al., 1986) , freshly frozen tissues had to be cut and immunohtochemically examined for a6 in previous studies (Sorokin et al., 1990; Sonnenberg et al., 1986) . To preserve the tissue architecture well, we attempted to fix tissues with either methanol or paraformaldehyde fixative containing both Mg2' and Ca2+ before cryosectioning according to Krotoski et al. (1986) or Chen et al. (1985) , respectively. because these authors preserved the immunoreactivity of the p-integrin chain after similar fixation.
Small pieces of tissue were fixed in either ice-cold pure methanol for 30 min or 3% paraformaldehyde containing 0.5 mM CaCl2 and 0.5 mM MgC12 in 0.1 M cacodylate buffer (pH 7.2) at 4'C for 30 min. They were then washed for 1 hr at 4'C with 0.1 M cacodylate buffer (pH 7.2) containing 7% sucrose, immersed in Holt's gum sucrose solution at 4'C, and frozen in OCT compound (Miles Scientific; Naperville, IL). Cryostat sections (4-10 pm) were cut, placed on egg albumin-coated glass slides, air-dried, and treated with 1% BSA in PBS for 1 hr at room temperature (RT). All specimens were incubated with diluted first antibody for 1 hr, washed with PBS, and incubated with diluted second antibody conjugated to fluorescent dye for 1 hr at RT. For double staining with antibody and phalloidin, aldehyde-fiued specimens were then treated with 1:200 diluted rhodaminelabeled phalloidin (Molecular Probes; Plano, TX) in PBS containing 0.05% Tween 20. This was followed by washing with PBS, mounting, and observation under a fluorescence microscope provided with a green H 546 and blue 450-490 SB staining filter set (Carl Zeiss; Tokyo, Japan). Specimens fixed with methanol or paraformaldehyde containing MgCl2 and CaC12 showed a similar location of immunofluorescence for a6 integrin. For control experiments the first antibody was replaced by 1% BSA in PBS.
Immunoelecuon Microscopy. Tissues were fixed with 3% paraformaldehyde containing 0.5 mM CaC12 and 0.5 mM MgC12 in 0.1 M cacodylate buffer (pH 7.2) by the microwave irradiation method (Kadoya and Yamashina, 1991; Yamashina et al.. 1990 ). In brief, pieces of tissue in icecold fixative were irradiated in a microwave oven 10-15 times each with a 3-sec current followed by a 5-sec interval. Further fixation was conducted at 4'C for 30 min. Frozen sections (10-20 pm) were cut and treated with 1% BSA in PBS as described above. The specimens were treated with anti-a6 integrin antibody for 12 hr at RT, washed with PBS (three times for 10 min), and incubated again with biotinylated second antibody for 1 hr. After washing with PBS (three times for 10 min), the bound second antibody was detected by incubation with avidin-biotinylated horseradish peroxidase (HRP) complex (Vector Laboratories; Burlingame, CA) for 20 min. To ensure maximal penetration of the antibodies into tissues, saponin (0.025%) was added to each antibody solution. After washing with PBS, peroxidase activity was demonstrated by the DAB method. The specimens were then fixed with 2.5% glutaraldehyde, post-fixed with 1% 0~0 4 , and processed for immunoelectron microscopy as previously described (Kadoya and Yamashina. 1991) . For control experiments the first antibody was replaced by 1% BSA in PBS.
Light and Electron Miamcopy. The tissues were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer @H 7.2) by the microwave fixation method as described, post-fiued in 1% Os04 in the same buffer, dehydrated, and embedded in epoxy resin mixture. One-pm sections for light microscopy were cut and stained with 1% toluidine blue, whereas ultra-thin sections for transmission electron microscopy were stained with uranyl acetate and lead citrate.
Results

Morphogenesis
The morphological aspects of perinatal development of mouse submandibular gland are shown in Figures 1 and 2 . Postnatal development was essentially in agreement with that indicated by previous studies (Sriniman and Chang, 1979; Young and van Lennep, 1978; Gresik and MacRae, 1975; Yohro, 1970) . Attention here is therefore directed primarily towards prenatal development.
The rudiments of the submandibular gland on Day 14 of gestation consisted of several large terminal clusters connected to a stalk ( Figure 1A ). The peripheral epithelial cells within the cluster reached the basement membrane, whereas those in the central portion were separated from the membrane. Loose connective tissue surrounded the stalk and terminal clusters. On Day 17 a highly branched glandular structure was found, composed of a terminal tubule and undifferentiated duct system. The cells of the terminal tubule with secretory granules were pyramidal or cuboidal and arranged in a single layer surrounding a definite lumen ( Figure 1B, arrows) . At birth the acinar structure consisted of mu types of well-differentiated secretory cells ( Figure IC) , a mucous-type cell with pale secretory granules and a serous-type cell with dark secretory granules. The former was mostly located in the distal portion of the acinar structure and the latter was located proximally and continuous with the undifferentiated duct. Acinar cells with pale secretory granules and granular convoluted duct cells with dark granules were the major components in adult submandibular gland (data not shown).
Electron microscopy of the cluster on Day 14 indicated that the cells were loosely connected to each other, and a definite junctional complex between any two of them was not apparent. Partially dilated rough endoplasmic reticulum was present but there were no secretory granules within the epithelial cytoplasm (Figure 2A) . On Day 17 an apically located junctional complex, well-developed Golgi apparatus, electron-dense granules, and electron-lucent granules were present within terminal tubular cells ( Figure 2B ). Codistribution of both types of granules was noted in some tubule cells ( Figure ZB, arrows) . No hemidesmosomes were found along the basal plasma membrane in acinar cells on the day of birth ( Figure  2C ). In some duct cells many mitochondria could be seen within the basal cytoplasm, but infolding of basal plasma membrane and hemidesmosomes could not be detected ( Figure 2D ).
Localization of the a6 Integrin Subunit in Developing Submandibular Gland
The distribution of a6 integrin was examined by immunofluorescence and immunoelectron microscopy. On Day 13.5 ( Figure 3A) , a6 integrin was uniformly distributed over the cell surface of the terminal cluster, although slightly stronger staining along the basement membrane was evident. The a6 integrin was also noted in the capillary endothelium. On Days 14 and 15 (Figure 3B ), the entire cell surface of the distal portion of the branched terminal cluster remained positive. In the proximal portion of the cluster and stalk, peripheral cells adjacent to the basement membrane were positive. Staining of cells in the central portion was reduced or absent ( Figure 3B, asterisk) .
On Day 17 of gestation ( Figure 3C ) and at birth (Figure 4) , a well-developed acinotubular structure was observed. In acinar cells a6 integrin was distributed on the basolateral surface ( Figures 3C  and 4A) . In duct cells it was located mostly along the basal cell surface ( Figures 3C, 4B, and 5B), with very weak but clearly detectable staining on the lateral cell surface. To confirm the absence of the a 6 integrin subunit over the apical plasma membrane, double staining of sections was attempted with both GoH3 and phalloidin, by which the contour of lumen could be visualized (Segawa and Ymashina, 1989) . Staining for a 6 was mostly absent from the rhodamine-positive luminal portion in both acinar and duct cells (Figures 4A and 4B ). Immunoelectron microscopy indicated that a6 integrin was distributed over the basolateral plasma membrane in secretory cells ( Figure 5A ) and mostly on the basal plasma membrane in duct cells ( Figure 5B) . In adult submandibulargland, a6 integrin continued to be apparent on the basolateral cell surface of acinar cells. but staining was weaker than in developing tissues. Strong basal staining in duct cells continued to be observed (data not shown).
Localization of Laminin in Developing SubmandibuZar Gland
Laminin immunoreactivity was assessed in methanol-fixed cryostat sections. On Day 13.5 immunoreactions could be seen along the basement membrane of the terminal cluster and capillary. Similarly to those found in rat embryo (Kadoya and Yamashina, 1989), many positive spots for laminin were also present in the cytoplasm of terminal cluster cells ( Figure 6A ). On Day 14 and in later stages no definite intracellular immunostaining was evident, even though the basement membrane along the terminal cluster, stalk, and acinotubular structure was still positive (Figure 6B ).
Discussion
The ab-subunit complexes with the Pl-or P4-subunit to form the heterodimeric complex in vivo (Humphries, 1990). In cornea and skin the a6B4 complexes are exclusively located in hemidesmosomes (Sonnenberg et al., 1991; Stepp et al., 1990) . which are only rarely seen along the basal surfice in adult secretory cells (Pinkstaff, 1980 ; Young and van Lennep, 1978) and were virtually absent from the rudimentary submandibular epithelium, as noted in this study. In contrast to the restricted tissue and subcellular distribution of a6P4, the possible codistribution of a6 and Pl has been noted in Day 17of gestation. In acinar cells, staining for the integrin a6-subunit can be seen on the basolateral but not the apical surface, although slightly stronger staining towards the basal surface is apparent. In duct cells strong staining can be seen along the basal surface. Weak but definite lateral staining is also evident. Capillary endothelium of all the developmental stages has also stained. Bar = 50 pm. the majority of ab-positive cells, including developing avian intestinal epithelium (Bronner-Fraser et al., 1992) . Moreover, expression of D l was found in both epithelial and mesenchymal cells of Day 13 submandibular gland (Kadoya and Ekblom, manuscript in preparation). The D1-subunit therefore appears to be associated with a 6 in the submandibular epithelium.
In an earlier stage of development the a 6 integrin subunit was expressed over the entire surface of all cells in clusters, irrespective of adhesion to the basement membrane ( Figure 3A ). This has been noted in the endbuds of developing mammary gland (Sonnenberg et al., 1986) and in the ureter and differentiating tubule epithelium of embryonic kidney (Sorokin et al., 1990) . We therefore conclude that a 6 distribution over the entire cell surface is a characteristic feature of developing epithelial cells. Both a6Dl and a6B4 integrin complexes have been reported to serve as cell surface receptors for laminin (Lee et al.. 1992; Sonnenberg et al., WO) , and the ab-subunit expressed at the basal surface of the cells may therefore connect cells to the basement membrane and may be significantly involved in organizing cell or tissue architecture.
However, a 6 expression in cells separated from the basement membrane would not likely be related to adhesion to the basement membrane. Some integrin complexes have been shown to mediate homo-or heterotypic cell-cell interactions and cell-substrate interactions (Hynes, 1992; Larjavd et al., 1990) . The integrincontaining ab-subunit may contribute to homotypic cell-cell adhesion and may be essential for the formation of epithelial clusters in the undifferentiated stage. As development advances with extensive budding from the peripheral region of the terminal cluster, a 6 ceased to be expressed in cells separated from the basement membrane, whereas cells adhering or close to the membrane remained positive ( Figure 3B ). The absence of immunostaining for a 6 may indicate a reduction of integrin-mediated cell-cell adhesion in the central portion.
The establishment of a luminal structure of a single cell layer from an undifferentiated cell mass is a fundamental process in glandular morphogenesis of exocrine organs. At the same period, regional specialization of the plasma membrane components is accomplished. Two possible mechanisms for the basolateral distribution of a 6 integrin subunit in the acinotubular structure are suggested. A tight junction that develops synchronously with acinar cell arrangement into a single layer (Tamaki et al., 1989 ) is one possibility for segregation of this subunit on the basolateral surface and its exclusion from the apical surface. However, this would not explain the disappearance of a 6 from central cells in the proximal region of the terminal cluster, as well-developed junctions have not been observed at this stage of development. On the other hand, Fujimoto and Singer (1988) report the codistribution of F-actin and B integrin on the luminal surface of capillary endothelial cells and consider the actin cytoskeleton situated under the plasma membrane as possibly essential for attachment of integrin. The a 6 integrin subunit was found here to be absent from the luminal plasma membrane, beneath which actin filaments were present. Differences in the tissue distribution of cytoplasmic proteins such as a talin, vinculin. and a-actinin may explain this discrepancy, since these proteins may be essential to interactions between integrins and actin filaments (Burridge et al., 1988) . Mechanisms for the mediation of developmental changes in a 6 expression at the cellular and/or subcellular level are to be studied.
In acinar cells a 6 expression occurred uniformly on the basolateral plasma membrane, but in duct cells basolateral expression with stronger staining towards the basal plasma membrane was noted. Similar stronger expression of a 6 at the basal site is noted in the developing kidney epithelial cell attaching to the laminin A-chain (Sorokin et al., 1990) . Therefore, the different expression of a 6 in acinar and duct cells may correspond to the regional heterogeneity of the basement membrane, e.g., a different laminin mandibular rudiment. To explore this possibility, the b-subunit that complexes with a6 should be determined, after which pertur-I c bation experiments with antibodies against this integrin complex on cultured submandibular epithelium should be performed.
